Pyrolysis products of ammonium perchlorate (NH 4 ClO 4 ) at 483 K were monitored on line and in situ via single photon photoionization reflectron time-of-flight spectrometry (PI-ReTOF-MS) in the photon energy range of 9.00-17.50 eV. The photoionization efficiency curves (PIE) of the subliming product molecules were collected and allowed for detection of three class of products containing chlorine, nitrogen, and oxygen including atoms and free radicals. These results suggest a new insight into possible low-temperature decomposition pathways of NH 4 ClO 4 .
Introduction
The degradation of ammonium perchlorate (NH 4 ClO 4 )-widely exploited as a solid rocket propellant-has been extensively studied both experimentally and computationally for half a century. Yet, the exact decomposition mechanisms and distinction between primary and higher-order products have remained elusive to date [1] . Previous investigations suggest that NH 4 ClO 4 has two distinct decomposition pathways at ''low" (below 510 K) and ''high" temperatures (above 620 K). The first step in the thermal decomposition has been proposed to be initiated by a proton transfer from the ammonium moiety (NH 4 + ) to the perchlorate anion (ClO 4 À ) resulting in the formation of ammonia (NH 3 ) and perchloric acid (HClO 4 , (R1)). These primary decomposition products can take part in multiple consecutive reactions [1] [2] [3] [4] [5] [6] .
NH 4 ClO 4 ! NH 3 þ HClO 4 ðR1Þ
Bircumshaw and Newman pioneered the experimental investigations examining the thermolysis of NH 4 ClO 4 in vacuo in the temperature ranges of 493-553 and 653-723 K (Table 1 ) [7] . The authors concluded that at low temperatures, only 30% of the reactant decays; the solid residue was found to be porous suggesting that the decomposition takes place throughout the material. Furthermore, a phase transition of NH 4 ClO 4 from orthorhombic to cubic was observed at 513 K. Finally, this work detected multiple gaseous decomposition products at low temperatures: molecular chlorine (Cl 2 ), nitrous oxide (N 2 O), dinitrogen tetroxide (N 2 O 4 ), molecular oxygen (O 2 ), nitrogen (N 2 ), water (H 2 O), hydrogen chloride (HCl), chlorine dioxide (ClO 2 ), and HClO 4 .
The first mass spectrometric (MS) detection of the decomposition products was performed by Heath and Majer [8] . This study revealed that the decomposition takes place in the solid phase with the predominant fragmentation leading to gas-phase NH 3 and HClO 4 ; this finding was corroborated by Inami et al. [2] . A subsequent MS study concluded that the thermal decomposition of NH 4 ClO 4 yielded principally H 2 O, N 2 O, Cl 2 , and O 2 along with HCl and N 2 [9] . Gas chromatography (GC) was also applied to detect the thermolysis products as O 2 , N 2 , N 2 O, Cl 2 , ClO 2 , nitric acid (HNO 3 ), HCl, and nitric oxide (NO) [10] . This study proposed that the low-temperature decay represents an autocatalytic process starting with the decomposition of NH 4 ClO 4 to adsorbed NH 3 and HClO 4 . This first step is then followed by the autoprotonation transforming the primary product HClO 4 into H 2 O plus the chlorine trioxide cation (ClO 3 + ); the latter was speculated to oxidize NH 3 to higher order products such as nitrogen oxides as observed. Scanning electron microscopy (SEM) and optical microscopy were also employed to monitor the degradation of NH 4 ClO 4 [11, 12] . Later, an attenuated total reflection (ATR) infrared study confirmed the phase transition at 523 K; however, this study could not detect any new species formed in the solid or in gas phase [13] . The time-of-flight (TOF) mass spectrometry (MS) coupled with electron impact (EI) ionization was first utilized by Boldyrev et al. detecting not only the primary decomposition products NH 3 [19, 20] . These studies showed that the decay rate depends on the degree of deuteration; furthermore, the volume fraction of the pores of the deuterated sample appears to be lower compared to the non-labeled counterpart. The authors concluded that the effects can be best rationalized as caused by a proton transfer at the intersections of dislocations in the bulk of the crystals. It is worth noting that N 2 O and NO were detected via MS as primary decomposition products of the low-temperature and high-temperature decompositions, respectively. Thereafter, a TGA/DSC-MS/FT-IR analysis showed that the formation of N 2 O and NO 2 is strongly temperature dependent [21] . Three distinct decomposition stages were proposed: an autocatalytic pathway, a low-temperature diffusion, and a hightemperature stable-phase reaction. The degradation occurs inside the pores of the sample beneath the surface, where the primary products NH 3 and HClO 4 are adsorbed. The latter adsorbs more rapidly, thus the concentration of NH 3 in the gas phase was found to be higher. As HClO 4 decomposes into other chlorine oxides like ClO 2 , these oxides were suggested to facilitate the gas-phase oxidation of NH 3 [1] . At high temperatures, the products formed inside the sample can take part in higher order subsequent reactions both at the surface and in the gas phase. Recent TGA-FT-IR/EI-MS studies detected N 2 O as the primary product of the low-temperature degradation of NH 4 ClO 4 followed by HCl, NO 2 , and HNO 3 [22, 23] . H 2 O, Cl 2 , and O 2 were observed via the electron ionization mass spectrometry. Interestingly, NO could not be identified. The effect of grain size was also probed [23] . Kinetic studies and the effect of pressure on the degradation mechanisms were investigated exploiting TGA and DSC methods and are summarized in Table S1 in the Supplementary Material.
Extensive theoretical studies have also been conducted as they were summarized in our previous work on NH 4 ClO 4 decomposition [24] . The computational efforts by Lin et al. proposed the mechanism and determined rate constants of reactions that occur during the thermolysis of NH 4 ClO 4 [25, 26] . The calculations agree with the experimental results and consider (R1) as the first reaction that takes place during the pyrolysis, followed by the unimolecular decomposition of HClO 4 into ClO 3 and OH [27] :
which is succeeded by the reaction of the product molecules into ClO 2 and hydroperoxyl radical (HO 2 ) [27] :
The unimolecular decomposition of the chlorine oxides by atomic oxygen loss might also be an important pathway [28, 29] . The oxygen atoms (O) [30] and chlorine oxides [31] may for instance take part in the oxidation of NH 3 , therefore accounting for the formation of various nitrogen oxides. The reaction of oxidants with the NH 3 decomposition product NH 2 was also investigated by theoretical methods [32, 33] .
However, despite extensive investigations, no coherent picture has emerged to date on the reaction pathways and products during the thermolysis of NH 4 ClO 4 within a single experimental setup. Strong discrepancies between the experimental and theoretical results are evident [1, 25, 34] . The current work aims to present a comprehensive, unbiased picture on all products that may be important during the thermolysis of NH 4 ClO 4 by exploiting a single, versatile experimental technique. This is done by detecting all degradation products for the first time under controlled conditions on line and in situ via state-of-the-art single vacuum ultraviolet (VUV) photoionization coupled with reflectron time-of-flight mass spectrometry (PI-ReTOF-MS). Compared to traditional mass spectrometry utilizing EI or off line GC-MS and HPLC analysis, this technique has unique advantages. The EI results not only in the ionization of the parent molecule, but also in its extensive fragmentation; this may make the structural identification, e.g. that of the isomers, difficult. These can be easily avoided by using the PI-ReTOF-MS method since the photon energy can be chosen thus the fragmentation does not take place [35] . Moreover, the structural isomers can also easily be separated based on their distinct ionization energies (IEs) and photoionization efficiency (PIE) curves [36] . The on line and in situ detection of the product molecules prevents the disadvantage of HPLC and GC-MS, i.e. undesirable side-reactions that can occur between the experiment and the measurement [37] , for instance at high-temperatures in the case of GC-MS [38, 39] or in the solution phase when using the HPLC technique.
Experimental details
The experiments were conducted at the Chemical Dynamics Beamline (9.0.2.) at the Advanced Light Source (ALS). The main apparatus consists of a high vacuum chamber equipped with a PI-ReTOF-MS and a bakeable sample reservoir mounted below the ion optics of a spectrometer in the detection chamber [40] . NH 4 ClO 4 (50 mg, 99.5%, Sigma-Aldrich) was placed in this aluminum container and heated by a 50 X resistance to 483 ± 2 K as monitored by a Type-K thermocouple (Fig. 1) . Given the hazardous nature of the sample, the sample was kept dry, cool, and steady before measurement. Furthermore, it should be pointed out that strong impacts must be avoided when handling it, therefore care had to be taken when it was placed inside the sample container. It should also be noted that in order to avoid the contamination from H 2 O or other gas contaminants, the chamber was pumped down to a very high vacuum condition (%10 À7 Torr) during the preparation and was kept under this condition for several hours. Heating tapes were also applied to warm up the chamber during the decontamination process. This made sure that negligible H 2 O or gas contaminants affected the reaction.
The gaseous products were photoionized between the repeller and extractor of the PI-ReTOF-MS by exploiting quasi-continuous tunable vacuum ultraviolet (VUV) synchrotron light filtered by argon or helium, and detected with microchannel plates. The PIE's, which report the intensity of a single mass-to-charge ratio (m/z) versus the photon energy, were extracted from these mass spectra recorded over a range from 9.00 eV to 17.50 eV in steps of 0.05 eV by integrating the signal collected at a specific m/z over the range of photon energies and normalized to the incident photon flux [41, 42] . This range covers the IEs of all the species generated in the pyrolysis process. The PIE curves are exploited to unambiguously identify the decomposition species including radicals and closed-shell products [43] [44] [45] [46] [47] [48] . PIE curve fittings were performed to identify the species detected and compared with reference PIE curves [49] .
Results
The experimental data obtained by the PI-ReTOF-MS apparatus upon the low-temperature pyrolysis of NH 4 ClO 4 at 483 ± 2 K is visualized in Fig. 2 36, 37, 46, 74, and 100 can also be detected. Fig. 2d shows the spectrum obtained at the VUV photon energy of 17.5 eV, which correlates well with the results obtained at 16.0 eV; this spectrum differs only in the relative signal strengths. The signals observed at distinct photon energies along with their assignments are summarized in Table 2 ; the determined PIE curves are discussed in Section 4.1.
Discussion

Interpretation of the PIE data
The PIE curves derived from the PI-ReTOF-MS spectra are shown in Fig. 3 Fig. 3c and d) ; the threshold values (11.47 eV) agree well with their IE ad of 11.4 ± 0.1 eV as determined previously. Furthermore, the possibility that HClO 4 may photofragment into ClO 3 at higher photon energies cannot be ruled out completely. Cl 2 is revealed at m/z = 70, 72, and 74 ( Fig. 3e-g) The IE ad value of ClO 2 isotopologues ( 35 ClO 2 and 37 ClO 2 , m/z = 67 and 69) of 10.33 ± 0.02 eV correlates well with our onset of ion signal of 10.37 eV (Fig. 3 h and i) . Their PIE curves slightly differ from the literature data, which can be explained by the possible fragmentation of HClO 4 or ClO 3 . The IE ad of HNO 3 (m/z = 63) of 11.95 ± 0.01 eV nicely corresponds to the onset of ion signal at 11.97 eV (Fig. 3j) ; the experimental PIE curve is close to literature data. In contrast, although nitrogen trioxide (NO 3 ) is expected to be the main product detected at m/z = 62 with an IE ad of 12.57 ± 0.02 eV (Fig. 3 k) , both nitramide (NH 2 NO 2 ) and hyponitrous acid (HON = NOH) may contribute to the overall signal, which holds on onset of 11.02 eV. The PIE curve of NO 3 was determined previously showing similarities with the one determined by the current study at VUV photon energies above its IE ad value. It is worth noting that according to previous studies, the photofragmentation of HNO 3 does not yield NO 3 fragments. The onset of ionization of 11.07 eV obtained for the HOCl isotopologues ( 35 HOCl and 37 HOCl, m/z = 52 and 54, Fig. 3 l and n) agrees with their IE ad of 11.12 ± 0.01 eV. The literature PIE curve is also comparable to our experimentally recorded data. Our PIE curves for ClO ( 35 ClO and 37 ClO, m/z = 51 and 53, Fig. 3m and o) have some discrepancies at lower photon energies between 10.0 and 10.9 eV; here, no ion signal should exist since the IE ad was determined to be 10.885 eV. NO 2 and N 2 O account for the detection of the signals at m/z = 46 and 44, respectively; their assignment is confirmed by the agreement between their IE ad values of 9.75 ± 0.01 eV and 12.88 ± 0.005 eV, respectively, and their determined ionization onsets (9.82 and 12.89 eV, respectively). The PIE curve of N 2 O is in accordance with the literature PIE curve (Fig. 3q) , whereas our PIE curve at m/z = 46 deviates significantly from the literature PIE curve of NO 2 (Fig. 3p) possibly due to fragmentation of NO 3 at higher photon energies holding an AE of 11.90 eV for NO 2 + .
The onset of ion signal of m/z = 36 and 38 at 12.74 eV agrees very well with the isotopologues of HCl ( 35 HCl and 37 HCl) revealing the IE ad of 12.742 ± 0.010 eV. Furthermore, both graphs are comparable to the experimental PIE curve from literature recorded for HCl ( Fig. 3r and t) . In contrast to this, the onset of ion counts for m/z = 35 and 37 ( 35 Cl and 37 Cl) of 11.92 eV is much lower by almost 1.0 eV than the IE ad of Cl of 12.97 ± 0.02 eV (Fig. 3 s and (Fig. 3v) ; the PIE curve shows excellent agreement with the literature data, respectively. Ion counts at m/z = 30 can be associated with NO (Fig. 3w) , whereas H 2 O accounts for the signal at m/z = 18 (Fig. 3x) . The onset of ion counts obtained for both products are 9.27 eV and 12.62 eV, respectively, which can be compared to the IE ad of 9.26 eV and 12.61 eV. However, the discrepancy between the actual PIE curve at m/z = 30 with 
For the reference list see Table S2 in the Supplementary Material. Due to lack of available data, the same IE values were assumed for the isotopologues. a IE ad higher than 14.5 eV, therefore N 2 is not included in Fig. 3 the literature PIE curve at higher photon energies may be due to the fragmentation of larger nitrogen-and oxygen-bearing molecules like NO 2 (AE (NO+) = 12.34 eV) and HNO 3 (AE (NO+) = 13.07 eV). N 2 O does not fragment yielding NO + below 15.01 eV, and the fragmentation pattern of NO 3 is unknown. The presence of N 2 is evident as it appears at photon energies of 16.0 eV and 17.5 eV at the m/z = 28 ( Fig. 2c, d) . The signal at m/z = 17 can be assigned to the NH 3 molecule as evident from a comparison of our PIE curve (Fig. 3y) with the reference PIE. Likewise, the onset of ionization of 10.09 eV agrees well with its experimental IE ad of 10.069 ± 0.002 eV. If OH radicals are present and contribute to the observed PIE at m/z = 17, they must originate from the reactions occurring during the pyrolysis of NH 4 ClO 4 rather than the photo fragmentation of H 2 O (AE (OH+) = 18.05 eV) or HNO 3 (AE (OH+) = 16.6 eV).
The species holding an m/z value of 16 can be assigned to the O atoms; this is well reflected in its ion counts appearing in the PIE curve (Fig. 3z) at 13.62 eV; this value agrees well with the IE ad of O atoms of 13.618 eV. Although the PIE curve depicts similarities at lower photon energies up to 13.5 eV, additional counts at higher photon energies exist most likely from photofragmentation and ionization of chlorine oxides and/or nitrogen oxides as mentioned above. Namely, O may originate from ClO, HOCl, ClO 3 , HClO 4 , or NO 3 whose fragmentation patterns are yet to be discovered. 
Possible reaction pathways
The present study revealed the formation of multiple decomposition products of NH 4 ClO 4 , recorded for the first time on line and in situ via the PI-ReTOF-MS technique. These are compiled in Table 3 . These data alone highlight the power of tunable VUV light to ionize and to identify the products based on a comparison of their IE ad values and/or their PIE curves with literature data. In particular, the detection of highly reactive radical transients (O, ClO, ClO 2 , ClO 3 , Cl, NO 3 ) underlines the advantage of this approach compared to classical GC-MS and HPLC methods. Here, we are attempting now to propose the actual decomposition pathways.
It has been well-established that the thermal decomposition of NH 4 ClO 4 starts with a proton transfer from the NH 4 + to the ClO 4 À unit (R1) [2] . The products NH 3 and HClO 4 are adsorbed on the surface of the forming cavities inside the crystal during the thermal decomposition then they eventually sublime and take part in various secondary reactions. Both primary products are observed in our studies. However, the processes that follow the initial step are more elusive, and there has been no consensus on the dominating reaction channels in the literature [1] . The prominent decomposition pathways might be proposed if the reaction rate constants and the concentration of the species are known. The equations used to calculate the rate constants were taken from the NIST database accounting for the temperature and the classical activation energies [50] . Although the absolute photoionization cross-sections for multiple products, which is crucial to quantify the concentration of the detected species, are unknown, some conclusions might be drawn by analyzing the rate constants and a tentative reaction scheme can be proposed ( Figure S1 ). Most importantly, the decomposition of the primary pyrolysis product HClO 4 into ClO 3 and OH radicals (reaction (R2)) follows the protonation reaction (R1), since according to the rate constants, no reactions that could compete with this process exist. It is worth noting that ClO 3 can be detected via the PI-ReTOF-MS setup unambiguously (Section 4.1, Fig. 3c and d) , whereas OH radicals are likely to be detected, although its signal at m/z = 17 is masked by the primary decomposition product NH 3 (Fig. 3y) . Being the only expected decomposition products of HClO 4 , it can be safely assumed that their concentration in the cavities are relatively high making them the most important higher-order reactants available during the low-temperature thermal decomposition of NH 4 ClO 4 (reaction (R3)). Therefore they must take part in the formation of species other than ClO 2 , such as ClO, Cl, Cl 2 , O and O 2 , respectively. Alternatively, the gradual thermal decomposition of chlorine oxides can also yield the highly reactive O atoms besides chlorine oxides with chlorine in lower oxidation states. These oxidants can then react with NH 3 oxidizing it into various nitrogen oxides like NO, NO 2 , NO 3 , HNO 3 , and N 2 . It should be noted that the NO molecule may play an important role as an intermediate-similarly to ClO 3 -and serve as a precursor for the other nitrogen oxides with nitrogen in higher oxidation states. A general scheme of the main thermal decomposition channels is proposed in Fig. 4 .
Conclusion
In this Letter, the thermal decomposition of the important solid rocket propellant NH 4 ClO 4 was studied via the PI-ReTOF-MS technique at 483 ± 2 K at photon energies between 9.00 and 17.50 eV. Multiple decomposition products could be identified. These may be classified into three different groups as shown in Table 3 : (I) chlorine (II) nitrogen, and (III) oxygen containing compounds, with the first two separated into subgroups. (Ia) denotes the chlorine oxoacids like HClO 4 and HOCl, (Ib) consist of chlorine oxides such as ClO 3 , ClO 2 , ClO, whereas class (Ic) contains Cl 2 , Cl, and HCl, respectively. The nitrogen oxoacid nitrous acid (HNO 3 ) is the only member of subgroup (IIa), class (IIb) consist of nitrogen oxides such as NO 3 , NO 2 , N 2 O, and NO, whereas other nitrogen compounds make up (IIc) like N 2 and NH 3 . Oxygen compounds are the member of class (III), these are O 2 , O, and H 2 O.
The PIE curves of the detected species have also been determined in the photon energy range of 9.00-14.50 eV; a comparison of these curves and the ionization thresholds to literature data yielded excellent agreement therefore confirming the assignments. However, further experiments are necessary to obtain absolute photoionization cross-sections of critical reaction products, which would enable the calculation of the concentrations and thus-in combination with rate constants-the determination of the reaction mechanisms. 
